Members of the 14-3-3 family of proteins are highly conserved proteins which are expressed in all eukaryotic cells (reviewed in reference 1). They are thought to play important roles in a variety of signal transduction pathways, including those involved in cell cycle regulation and cell survival. Because 14-3-3 proteins bind to specific phosphoserine-containing sequences (44) , they are likely to have an important role in signaling pathways mediated by serine/threonine protein kinases.
Many proteins are known to bind to 14-3-3 proteins, and the list of proteins continues to expand. In a few cases, the function of 14-3-3 binding is known. For example, 14-3-3 binding to the proapoptotic protein BAD blocks the interaction of BAD with the antiapoptotic protein BCL2 (65) . In another case, 14-3-3 binding to the Cdc25C phosphatase prevents it from activating the Cdc2 kinase (49) . In most cases, however, the effect of 14-3-3 binding is unknown. In this study, we have focused on the contribution made by 14-3-3 binding to Raf-1 kinase activity.
The Raf-1 kinase plays a central role in the signal transduction pathway induced by growth factors (reviewed in reference 3). In the cell, activation of Ras recruits Raf-1 to the plasma membrane, where it becomes activated (32, 57) . Raf-1 in turn phosphorylates the kinase MEK, which in turn phosphorylates mitogen-activated protein (MAP) kinase. Although heavily studied over the last decade, the exact mechanism of Raf-1 activation is not known. An important clue to the mechanism of Raf-1 activation is the structure of constitutively active, oncogenic forms of Raf-1. These forms of Raf-1 lack the amino-terminal half of the molecule, suggesting that the amino-terminal domain suppresses Raf-1 kinase activity. One potential mechanism of activation is that lipids or proteins interacting with Raf-1 help to facilitate a change in conformation in which the inhibitory influence of the amino-terminal domain is removed. However, other models propose that phosphorylation of Raf-1 is required for its activation (42) .
Recently, the 14-3-3 proteins have been implicated in the activation of Raf-1. 14-3-3 was first identified as a Raf-associated protein by several groups using both biochemical and genetic approaches (12, 14, 15, 23, 64) . Although a positive role for 14-3-3 in Raf activation is supported by genetic experiments with yeast and Drosophila, in which 14-3-3 is required for Raf-1 activation (7, 23, 28) , in vitro biochemical studies have been unable to support a role for 14-3-3 in regulating Raf-1 activity. Although it was initially reported that 14-3-3 can activate Raf-1 (14, 15, 23, 33) , others have reported that 14-3-3 binding is not required for Raf-1 activity (39, 58) .
One possible explanation for these inconsistencies is the fact that Raf-1 contains at least three potential 14-3-3 binding sites, one surrounding serine 259 (S259) a second surrounding S621 (43, 44) , and a third, recently identified site in the cysteine-rich domain, between amino acids 136 and 187 (8) . Mutagenesis studies suggest that phosphorylation of S259 has an effect contrasting to that of S621 phosphorylation on Raf-1 kinase activity. Mutation of S259 results in a constitutively active kinase, suggesting that phosphorylation of S259 is inhibitory (8, 39) . In contrast, mutation of S621 results in an inactive kinase, suggesting that S621 phosphorylation is required for Raf-1 kinase activity (39, 43 ). 14-3-3 binding to these sites may potentiate the functional effects of phosphorylation at these two sites.
To selectively examine the positive role of 14-3-3 binding on Raf-1 kinase activity, we used a truncated, constitutively active form of Raf-1 that contains only one 14-3-3 binding site, the equivalent of S621. Using a phosphospecific S621 antibody, we analyzed the effect of dominant negative 14-3-3 expression as well as 14-3-3 overexpression on S621 phosphorylation and Raf-1 kinase activity. Our results demonstrate that S621 is an autophosphorylation site whose stability is directly regulated by 14-3-3 expression levels. These results clearly demonstrate a requirement for 14-3-3 for Raf-1 kinase activity and suggest that changes in 14-3-3 expression levels have a significant impact upon the magnitude of Raf-1 kinase signaling.
MATERIALS AND METHODS
Plasmid construction. The glutathione S-transferase-14-3-3 fusion construct was created by generating BamHI and EcoRI restriction sites at the 5Ј and 3Ј ends, respectively, of the 14-3-3 cDNA by PCR. The cDNA product was subcloned into the vector pGEX-KT (20) . For expression of wild-type and mutated 14-3-3 in eukaryotic cells, EcoRI and XhoI restriction sites were introduced by PCR at the 5Ј and 3Ј ends for subsequent cloning into a modified pcDNA3.1 vector (Invitrogen) which adds an N-terminal Myc epitope tag (11) to the expression product. CT-Raf was generated by PCR and encodes residues 326 to 648 of Raf-1. It was cloned into the XhoI and EcoRI sites of a modified pBluescript vector which adds an N-terminal Myc tag to the expressed product (50) . The resulting construct was digested with EcoRI and subcloned into a modified pcDNA3.1 vector which adds an N-terminal FLAG tag to the expressed product. Site-directed mutagenesis to generate point or deletion mutations was done by inverse PCR (56) . All introduced mutations were verified by DNA sequencing. The reporter plasmid pB4XCAT (21) was kindly provided A. Prendergast. The constitutively active MEK expression construct R4F Mek (36), was kindly provided by N. Ahn.
Recombinant protein expression and purification. Recombinant GST fusion proteins were expressed and purified from Escherichia coli as described previously (20) . Protein was quantitated by comparison to bovine serum albumin (BSA) standards on Coomassie blue-stained sodium dodecyl sulfate (SDS)-polyacrylamide gels.
Peptides. Peptides were synthesized, purified, and analyzed as previously described (45) . All peptides were shown to consist of a single species of the correct molecular weight by mass spectrometry (Washington University Mass Spectrometry Facility).
SPR studies. Surface plasmon resonance (SPR) studies were performed with a BiaCore 2000 (Pharmacia). The substrate peptide and assay conditions have been described previously (44) . Briefly, 5 l of a biotinylated Raf phosphopeptide (1 nM; corresponding to amino acids 251 to 265 of human Raf-1) was immobilized on streptavidin-coated sensor chips (SA5; Pharmacia) at a flow rate of 5 l/min at 25°C. This generally resulted in a resonance unit value of 80 to 100 U. To compare the relative affinities of the mutated 14-3-3 proteins, GST fusion proteins (1 M) were allowed to flow over the immobilized peptide at a rate of 5 l/min for 5 min. The resulting increase in resonance units remaining after two wash steps was used to calculate the percentage of binding of mutated proteins relative to that of the wild-type protein. To test the inhibitory capacity of the mutated peptides, 1 M GST-14-3-3 was first incubated with 50 M peptide in duplicate. Peptides that could not inhibit greater than 50% of binding were not further analyzed. The remaining peptides were then tested at concentrations of between 1 and 50 M to determine 50% inhibitory concentrations.
Transfections and CAT assays. 293 cells were plated at a density of 3 ϫ 10 5 cells/well in six-well tissue culture dishes and allowed to adhere for 4 to 6 h. Cells were transfected with SuperFect reagent (Qiagen, Chatsworth, Calif.) according to the manufacturer's directions, using a total of 3 g of DNA for each transfection. Transfected cells were cultured in medium without serum for 24 h after transfection and then harvested by lysis in 120 l of 20 mM Tris-Cl (pH 7.5)-2 mM MgCl 2 -0.1% Nonidet P-40 (NP-40) and cleared by centrifugation. Chloramphenicol acetyltransferase (CAT) activity was measured by the method of Seed and Sheen (52) . For expression in HeLa cells, the vaccinia virus-T7 expression system was used as described previously (16, 17) . Recombinant baculovirus production. For the production of recombinant baculoviruses, cDNAs were first subcloned into the vector pFastBac-HT (Life Technologies, Gaithersburg, Md.). The wild-type and mutated forms of CT-Raf were ligated into the EcoRI site, and the mouse MEK-1 was ligated into the BamHI and KpnI sites. The GST constructs were generated by introducing 5Ј NcoI and 3Ј EcoRI sites into coding sequence from pGEX-KT constructs by PCR. Recombinant baculoviruses were then generated by using the Bac-to-Bac HT Baculovirus Expression System (Life Technologies) according to the manufacturer's instructions.
In vitro kinase assays. Cells were lysed on ice in a buffer containing 25 mM Tris (pH 8.0), 100 mM NaCl, 25 mM NaF, 5 mM EDTA, 100 M vanadate, 1% NP-40, and 1% ␤-octylglucoside with protease inhibitors. After clearing, immunoprecipitates were prepared with antibodies to Raf-1 (C-12; Santa Cruz) and protein A-Sepharose. Immunoprecipitates were washed three times with lysis buffer and then once with 2ϫ kinase buffer (40 mM Tris [pH 7.4], 200 mM NaCl, 10 mM MgCl 2 , 100 M vanadate). Kinase reactions were performed in two steps. First, immunoprecipitates were incubated with 10 l of 1ϫ kinase buffer containing 100 M cold ATP, 1 mM dithiothreitol, and 0.5 g of purified MEK (Santa Cruz) for 10 min at room temperature. Next, 40 l of 1ϫ kinase buffer containing 3 g of kinase-inactive MAP kinase (30) A rabbit polyclonal antibody to a phosphorylated peptide consisting of residues 615 to 625 of Raf-1 was generated by Quality Controlled Biochemicals (Hopkinton, Mass.). The antibody was affinity purified and tested by enzyme-linked immunosorbent assay to confirm its specificity for the phosphorylated peptide. Purified GST-CT-Raf as well as GST-full-length Raf was tested in vitro for the ability to be phosphorylated by C-TAK1 purified as a histidine-tagged protein from bacteria. After tryptic cleavage, peptides were separated by high-pressure liquid chromatography (HPLC) essentially as described by Morrison et al. (43) .
To test the specificity of the antibody, we generated both phosphorylated and unphosphorylated GST-CT-Raf. This was done by transforming bacteria with a plasmid encoding GST-CT-Raf alone (for the unphosphorylated form) or cotransforming bacteria with plasmids encoding GST-CT-Raf and C-TAK1, followed by selection in both ampicillin and kanamycin to produce phosphorylated GST-CT-Raf. To generate the C-TAK1-encoding plasmid, we ligated an NcoIHpaI DNA fragment encoding a hexahistidine-tagged form of the C-TAK1 kinase domain (residues 1 to 412) into pBB131 (10a). Whole-cell lysates were prepared and immunoblotted with antibodies to Raf and pS621.
Western blotting. Antiserum against 14-3-3 proteins was prepared in rabbits by immunization with a mixture of GST-14-3-3 proteins (beta, eta, tau, and sigma). Polyclonal rabbit antibody preparations against Raf-1 (C-12) and MEK (C-18) were purchased from Santa Cruz. Proteins separated by SDS-PAGE were transferred to nitrocellulose membranes. The membranes were blocked by incubation in 5% BSA or a mixture of 3% BSA and 1% nonfat dry milk, incubated for 1 to 16 h in a dilution of the appropriate primary antibody-antiserum preparation, and then visualized by chemiluminescence (Pierce).
RESULTS
Mutations of 14-3-3 which impair ligand binding result in a dominant negative phenotype. While searching for suppressors of constitutively active Ras in the sevenless signaling pathway, Chang and Rubin isolated dominant negative forms of 14-3-3 (7). Although the exact mechanism of the dominant negative effect is unknown, it seemed likely that the effect is related to a reduction in the affinity of 14-3-3 for its ligands. To test this hypothesis directly, our strategy was to generate other 14-3-3 molecules with impaired ligand binding and then test whether they could also function as dominant negative proteins.
We generated mutated forms of 14-3-3, guided by the recently described crystal structure (35, 62) and the high degree of sequence conservation between all known forms of 14-3-3. The crystal structures of 14-3-3 demonstrate that the molecules form dimers, with each monomer composed of nine alpha helices. The 14-3-3 dimers form a cup-like shape with an inner concave surface composed of helices 3, 5, 7, and 9. Because this inner surface forms the ligand binding site (63) , it seemed likely that conserved residues exposed on this surface would be important for ligand binding (66) . Mutations were therefore introduced into a variety of conserved residues in helices 3, 5, 7, and 9 of the 14-3-3 fusion protein. The abilities of the mutated fusion proteins to bind to a serine-phosphorylated Raf-1 peptide at a concentration of 1 M were then compared ( Substitutions of alanine for the conserved arginines at positions 56 and 60 in helix 3, the arginine at position 132, or the lysines at positions 125 and 127 in helix 5 all resulted in significantly impaired binding. Affinity measurements performed by fluorescence polarization and SPR demonstrated in most cases greater-than-10-fold-weaker binding (data not shown). Even mutation of arginines 56 and 60 to like-charged lysine residues significantly impaired binding, as did a complete de-letion of helix 9 (amino acids 212 to 248), which had not previously been implicated in ligand binding (63) . In contrast, mutation of nonconserved residues or residues not exposed on the inner surface of the binding groove (e.g., V51A, R55A, or K120A) had little or no effect on the binding of 14-3-3 to the phosphoserine-containing peptide. Thus, conserved residues from the inner concave surface of the 14-3-3 molecule are required for ligand binding.
We confirmed that the dominant negative mutations described by Chang and Rubin (7) did impair ligand binding by introducing the mutations, E185K, F201Y, and Y216F, into the human 14-3-3 cDNA. GST fusions of the mutated proteins were produced, and each was tested for the ability to bind to a serine-phosphorylated Raf-1 peptide. Each of these mutated forms of 14-3-3 displayed an approximately 15 to 25% decrease in binding compared to the wild-type protein ( Fig. 1) , confirming that these mutations do impair ligand binding. Scatchard analysis, performed by fluorescence polarization and SPR, suggested that the change in affinity of these mutated proteins is small; they are less than twofold weaker than the wild type (data not shown).
The mutated forms of 14-3-3 were then tested for the ability to inhibit a constitutively active form of Raf-1. Because Raf-1 has two 14-3-3 binding sites and because 14-3-3 may mediate both positive and negative effects on Raf-1 kinase activity (42, 44) , we decided to use an amino-truncated, constitutively active form of Raf-1 (CT-Raf). This would allow us to focus exclusively on the positive role of 14-3-3 in Raf-1 activity. This form of Raf-1, comprising amino acids 326 through 648 of the full-length molecule, lacks the amino-terminal domains and contains only one potential 14-3-3 binding site, the equivalent of S621 in Raf-1 (44) . S621 is known to be constitutively phosphorylated in cells and required for Raf kinase activity (43) .
CT-Raf was coexpressed with either the wild-type, R56,60A, R132A, or Y216F form of 14-3-3 in 293 cells. To assess CTRaf activity, we used a reporter construct (pB4XCAT) which is stimulated upon activation of the MAP kinase cascade (21) . Twenty-four hours after transfection, cell lysates were analyzed for CAT activity. Overexpression of mutated forms of 14-3-3 but not wild-type 14-3-3 inhibited CT-Raf-induced CAT activity ( Fig. 2A ). This inhibition was specific for Raf-1, because the ability of constitutively active MEK to transactivate the reporter construct was not affected by coexpression with mutated forms of 14-3-3 (36) (Fig. 2) . Immunoblotting of the cell lysates with antibodies to 14-3-3 and Raf-1 demonstrated similar levels of expression (Fig. 2C) . These results suggest that one mechanism for the dominant negative effect of 14-3-3 may be related to decreased ligand binding affinity.
Overexpression of dominant negative forms of 14-3-3 results in decreased phosphorylation of S621 in Raf.
Previous studies demonstrated that the phosphorylation of S621 is required for Raf-1 kinase activity, because mutation of this site results in an inactive kinase (43) . We therefore wanted to confirm that the S621 site in Raf-1 was, in fact, phosphorylated in cells expressing wild-type or mutated forms of 14-3-3.
For these experiments, we generated an antibody that specifically recognizes the phosphorylated S621 site (anti-p621). Use of a phosphospecific antibody has several advantages over phosphate labeling with 32 P. Because phosphate labeling is dependent on phospate turnover, it may not reflect the true in vivo phosphorylation status of a particular residue. Also, radiation is known to stimulate Raf-1 activity and may affect the phosphorylation of Raf-1 (26) .
To test the specificity of the antibody, a Cdc25C kinase, C-TAK1 (46, 49a) , was used to phosphorylate CT-Raf specifically at S621. The site on CT-Raf phosphorylated by C-TAK1 was determined by digesting in vitro-phosphorylated CT-Raf with trypsin and subjecting the tryptic peptides to phos-FIG. 1. Binding of mutated 14-3-3 proteins to a serine-phosphorylated Raf peptide. A schematic representation of the helices comprised by a 14-3-3 dimer, with the relative locations of amino acid substitutions introduced into 14-3-3 by site-directed mutagenesis, is shown. Each mutant was expressed as a GST fusion protein, and binding of the proteins at 1 M to a serine-phosphorylated Raf peptide by SPR was compared at equilibrium. Shown is the average percent binding Ϯ one standard deviation (SD) determined in two separate experiments for each mutated protein relative to the binding obtained with the wild-type 14-3-3 fusion protein at an equal concentration. Helices shown in gray are those expected to contain amino acids lining the proposed binding surface.
phoamino acid analysis and also to reverse-phase HPLC. Phosphoamino acid analysis revealed only phosphoserine, demonstrating that C-TAK1 phosphorylated CT-Raf on one or more serine residues (data not shown). HPLC analysis revealed a single phosphopeptide eluting in fractions 49 to 51 (Fig. 3A) . Edman degradation of the phosphopeptides derived after proteolysis with trypsin or endoproteinase Lys-C confirmed that the phosphorylated serine corresponds to S621 (data not shown). Immunoblotting of extracts from bacteria expressing truncated Raf-1 with or without C-TAK1 demonstrated that the antibody recognized only the phosphorylated form of Raf-1 (Fig. 3B, bars 1 and 2) . Recognition was specific for the S621 site, as the antibody did not recognize the related phosphorylation site S216 of Cdc25C (Fig. 3B , bars 3 and 4) (49), nor did it recognize a form of full-length Raf-1 lacking the S621 site but containing the S259 site (data not shown).
Lysates from cells coexpressing CT-Raf with mutated or wild-type forms of 14-3-3 were immunoblotted with the antip621 Raf-1 antibody. The antibody recognized a 36-kDa protein from cells coexpressing CT-Raf with wild-type 14-3-3 (Fig.   2D , lane 2), but little if any S621-phosphorylated CT-Raf was detected from cells expressing the dominant negative forms of 14-3-3 (Fig. 2D, lanes 3 to 5) . Immunoblotting demonstrated equivalent levels of CT-Raf as well as 14-3-3 in all lysates (data not shown). This result suggests that the dominant negative forms of 14-3-3 mediate their inhibitory effects by causing the loss of serine phosphorylation on target proteins. One important function of 14-3-3 binding may be to protect such sites from phosphatases, as proposed by Dent et al. (10) . Raf-1 proteins which are unable to bind 14-3-3 are not phosphorylated. To confirm the hypothesis that 14-3-3 binding is required for maintaining S621-phosphorylated Raf-1 in vivo, our strategy was to generate mutated forms of CT-Raf that retained the phosphorylation site but were unable to bind 14-3-3. We reasoned that forms of CT-Raf that cannot bind 14-3-3 should not maintain phosphorylation on S621. Although we had previously defined a favored sequence motif for 14-3-3 binding (RSxpSxP) (44) , our studies had also demonstrated that this motif was not absolute.
A series of serine-phosphorylated Raf-1 peptides containing a range of amino acid substitutions at either the ϩ2 or Ϫ2 position relative to the phosphoserine were generated. Each peptide was analyzed for its ability to inhibit the binding of GST-14-3-3 to the wild-type Raf-1 phosphopeptide by using SPR. As shown in Fig. 4A , substitution of lysine, glutamic acid, leucine, or glutamine for the proline in the ϩ2 position essentially eliminated the ability of the phosphopeptide to competitively inhibit 14-3-3 binding, with 50% inhibitory concentrations of greater than 50 M. Peptides containing these residues in the ϩ2 position therefore cannot bind 14-3-3. Similarly, peptides with a substitution of lysine, glutamic acid, or glutamine for the serine in the Ϫ2 position also did not compete, demonstrating that peptides containing these sequences are unable to bind 14-3-3. In contrast, a number of substitutions, such as glycine or serine in the ϩ2 position and phenylalanine or leucine in the Ϫ2 position, were able to inhibit 14-3-3 binding similarly to the wild-type peptide, demonstrating that these sequences are able to bind 14-3-3. These finding are consistent with those recently reported by Yaffe et al. (63) .
Two mutations expected to impair 14-3-3 binding and one mutation expected to support 14-3-3 binding were chosen for further analysis. Recombinant baculoviruses encoding CT-Raf proteins containing each of these mutations were generated. These viruses encoded glycine or leucine at the ϩ2 position and lysine at the Ϫ2 position. Phosphorylation of S621 was determined by analyzing Raf-1 immunoprecipitates from [ 32 P]orthophosphate-labeled SF9 cells infected with each of the mutated CT-Raf baculoviruses (Fig. 5) . The anti-p621 antibody would not be used because it did not recognize any of the mutated CT-Raf proteins (data not shown).
Phosphorylated CT-Raf was detected only in cells expressing either the wild-type protein or the mutant containing glycine in the ϩ2 position (ϩ2 Gly) (Fig. 5A, lanes 2 and 5) . As expected, FIG. 4 . Analysis of the effect of amino acid substitutions at the ϩ2 or Ϫ2 position relative to pS621 in Raf on 14-3-3 binding. (A) Raf phosphopeptides containing the indicated amino acid substitution at the ϩ2 position relative to S621 were assessed for the ability to inhibit the binding of a 14-3-3 fusion protein to immobilized, wild-type Raf phosphopeptide. For each mutated peptide, the concentration required to achieve 50% inhibition (IC50) of 14-3-3 binding is shown. Essentially identical results were obtained with 14-3-3␤, 14-3-3, and 14-3-3 (data not shown). (B) Raf phosphopeptides containing the indicated amino acid substitution at the Ϫ2 position relative to S621 were assessed as for panel A. Shown are the peptide concentrations required to achieve 50% inhibition of 14-3-3 binding to the wild-type peptide. Essentially identical results were obtained with 14-3-3␤, 14-3-3, and 14-3-3 (data not shown). no phosphorylated CT-Raf was detected from the S621A mutant (lane 4). In addition, phosphorylation was not detected on the ϩ2 Leu or the Ϫ2 Lys form of CT-Raf, both of which should be impaired for binding to 14-3-3. Interestingly, no S621 phosphorylation was detected on the kinase-dead form of CT-Raf (Fig. 5A, lane 3 ; see also Fig. 6B ). This is consistent with a previous report demonstrating that unphosphorylated, kinase-competent Raf is able to autophosphorylate in vitro at S621 (40) . These findings are consistent with the hypothesis that the ability to detect S621 phosphorylation is linked to 14-3-3 binding. Examination of Raf kinase activity demonstrated that the kinase activity correlated with S621 phosphorylation (Fig. 5B) . Only the wild-type and the ϩ2 Gly forms of CT-Raf demonstrated kinase activity (Fig. 5B, lanes 2 and 5) . None of the other mutated forms of CT-Raf demonstrated any detectable kinase activity above the background level. These findings support the idea that 14-3-3 binding is required for Raf-1 kinase activity, at least in part, because it stabilizes the S621 phosphorylation. However, it is also possible that the ϩ2 Leu and Ϫ2 Lys mutations of CT-Raf disrupt the recognition sequence required for autokinase activity, resulting in a failure to autophosphorylate at S621. Increased 14-3-3 expression levels enhance Raf-1 phosphorylation and activity. Our results suggested that variation in 14-3-3 expression levels might affect the stoichiometry of S621 phosphorylation and therefore the potential level of Raf-1 activity in the cell. In our preliminary experiments, we noted that CT-Raf was much less active in HeLa cells than when it was expressed in Sf9 cells (Fig. 6A) . Immunoblotting with the anti-p621 antibody confirmed that S621 phosphorylation of CT Raf was much lower in HeLa cells than in Sf9 cells (Fig. 6B , compare wild-type lanes). Western blot analysis demonstrated that endogenous 14-3-3 levels in these two cell types are roughly equivalent on a per-cell basis (data not shown). However, the procedure used to transfect the HeLa cells is much less efficient than infection of Sf9 cells with baculovirus. Thus, when the relative efficiencies of transfection and infection are accounted for, the degree of overexpression of CT-Raf by HeLa cells is much greater than that by Sf9 cells on a per-cell basis, resulting in a lower ratio of 14-3-3 to CT-Raf in HeLa cells. To test whether lower levels of phosphorylation and kinase activity were due to a lower ratio of 14-3-3 to CT-Raf in HeLa cells, we coexpressed 14-3-3␤ with CT-Raf in HeLa cells (Fig. 6C) . Coexpression of 14-3-3␤ with CT-Raf enhanced both the S621 phosphorylation of CT-Raf and its kinase activity. This suggests that the stoichiometry of Raf-1 phosphorylation on S621 could vary between cells and can, therefore, be directly modulated by 14-3-3 expression levels.
Displacement of 14-3-3 from S621 results in the loss of Raf kinase activity. Is the binding of 14-3-3 to S621 required only to preserve S621 phosphorylation, or does 14-3-3 binding confer additional properties? To distinguish between these two possibilities, we used a zwitterionic detergent, Empigen-BB, to remove 14-3-3 from CT-Raf. This detergent was previously shown to efficiently disrupt the binding of 14-3-3 to simple epithelial keratin polypeptides (34) . The ability of Empigen to displace 14-3-3 was verified by expressing a GST-CT-Raf fusion protein in SF9 cells and isolating the protein by using glutathione beads. The immobilized CT-Raf complexes were washed either with 1% NP-40 or with 1% Empigen (Fig. 7A) . Immunoblotting with 14-3-3 antibodies demonstrated association of 14-3-3 with GST-CT-Raf but not with GST alone when complexes were washed with 1% NP-40 (Fig. 7A, lanes 1 and  2) . As expected, incubation with 1% Empigen prior to immunoblotting eliminated all detectable 14-3-3 associated with CTRaf (Fig. 7A, lane 3 ).
Immunoprecipitates were then tested for Raf kinase activity by using a linked kinase assay with MEK and MAP kinase ( pigen were unable to activate MEK kinase activity as measured by the phosphorylation of kinase-inactive MAP kinase (Fig.  7B, lane 2) , but the addition of purified, recombinant 14-3-3␤ or 14-3-3 was able to restore approximately 75% of CT-Raf kinase activity obtained in the absence of Empigen. This demonstrates that the loss of kinase activity was due to displacement of 14-3-3 and not to other effects of the detergent. Exogenous 14-3-3 could, in some cases, moderately enhance the activity of CT-Raf in immunoprecipitates washed with 1% NP-40 (Fig. 7B, lane 3) (115% of the control value). This was a specific effect, as incubation with a mutated form of 14-3-3 (R56,60A) could not reconstitute kinase activity (data not shown). Thus, 14-3-3 binding not only is required for the stability of S621 phosphorylation but also is directly required for Raf-1 kinase activity.
DISCUSSION
To better understand the function of the 14-3-3 proteins, we examined the requirement for 14-3-3 in Raf kinase activity. Using a constitutively active, truncated form of Raf-1 which contains only a single 14-3-3 binding site, the equivalent of S621, we found that overexpression of dominant negative forms of 14-3-3 could inhibit the ability of constitutively active Raf to signal. Examination of the mechanism of this effect demonstrated that 14-3-3 binding both functions to maintain a critical phosphorylation site, S621, and is required for Raf kinase activity. This suggests that 14-3-3 levels regulate the stoichiometry of S621 phosphorylation. Consistent with this, we found that the stoichiometry of S621 phosphorylation of CT-Raf expressed in HeLa cells was low but could be enhanced by overexpression of 14-3-3. As S621 phosphorylation is required for Raf-1 kinase activity, changes in 14-3-3 expression can therefore have a significant impact on the magnitude of potential Raf-1 kinase activity.
The mechanism of action of the dominant negative forms of 14-3-3 is probably related to changes in the affinity of 14-3-3 for its binding partners. Because 14-3-3 proteins form dimers and because heterodimers can form between different isoforms (25) , it seems likely that overexpression of our mutated 14-3-3 molecules inhibited wild-type 14-3-3 by forming mixed dimers with wild-type protein. Although our affinity measurements demonstrated that the dominant negative forms of 14-3-3 reported by Chang and Rubin (7) were only mildly impaired in their binding to a serine-phosphorylated peptide, this is not unexpected. More severe impairments of 14-3-3 binding might be predicted to be lethal, given that loss of one of the 14-3-3 isoforms is lethal (28) . As suggested by Chang and Rubin (7), the dominant negative effect implies that normal 14-3-3 function requires both of the binding sites in the dimer. This could be related to a function for 14-3-3 in simultaneously recruiting two phosphorylated ligands (5) or may be related to enhancing overall affinity (63) .
Since its discovery over 40 years ago, serine phosphorylation has been recognized as a major regulator of enzyme function in the cell. But exactly how serine phosphorylation achieves its effects is largely unknown. In most cases, it is assumed that phosphorylation is sufficient to change the function of a protein by causing a conformational change. Recently, however, it has become clear that phosphorylation sites can also serve as binding sites for other proteins, suggesting that phosphorylation regulates protein-protein interactions. The best-characterized example of this is the role of phosphotyrosine as a binding site for SH2 domains (48, 51) . When a tyrosine kinase is activated, most of the functional effects are mediated by the recruitment of SH2 domain-containing proteins to phosphorylated tyrosine residues. Although the SH2-phosphotyrosine paradigm is well established, the role of phosphoserine binding proteins was, until recently, relatively uncharacterized.
14-3-3 proteins were among the first proteins demonstrated to have phosphoserine binding activity (44) . The functional effects of this binding are just beginning to be understood. Examples of this include interactions of 14-3-3 with BAD and Cdc25C (49, 65) . Both of these proteins are inhibited by serine phosphorylation and 14-3-3 binding. In both cases, however, the mechanism is indirect; 14-3-3 binding prevents interactions with their critical targets, bcl-2 and Cdc-2, respectively. Here we show that 14-3-3 can play other important roles. It is required for the serine phosphorylation and the activity of the serine kinase Raf-1.
Our results suggest that 14-3-3 is critically involved in processing Raf-1 into a conformation that is competent for activation (Fig. 8) . The inability to detect S621 phosphorylation of Raf-1 when 14-3-3 function is inhibited suggests that Raf-1 molecules are in a dynamic equilibrium between phosphorylated and unphosphorylated forms. S621 is phosphorylated by autophosphorylation and is rapidly dephosphorylated by an unknown phosphatase. Preliminary experiments demonstrate that this is self-or cis phosphorylation; we could not detect S621 phosphorylation of kinase-dead Raf-1 even when both wildtype and kinase-dead forms were coexpressed together (58a). 1 and 3) . Following this wash step, purified, recombinant 14-3-3 protein was added as indicated (lanes 3 and 4) . The in vitro kinase activity of the immunoprecipitates was then assessed by using a linked assay as described in Materials and Methods. Shown are results from one representative experiment in which recombinant 14-3-3 was used. Other experiments were performed with recombinant 14-3-3␤, with similar results. Quantitation of the By binding to phosphorylated S621, 14-3-3 protects this site from dephosphorylation and allows the kinase to become competent for activation. Our model can potentially explain how okadaic acid treatment results in Raf-1 activation (27a, 61a). Phosphatase inhibition might result in enhanced S621 phosphorylation. We are currently testing whether okadaic acid enhances S621 phosphorylation.
It is interesting that both protein kinase A (PKA) and PKC have similar C-terminal serine phosphorylation sites that are required for kinase activity (27, 55) . In the case of PKC, this site (S660) is a cis-autophosphorylation site and is required in the maturation of PKC, to release PKC from the cytoskeleton into the cytoplasm. It will be interesting to determine whether S621 phosphorylation plays a similar role in Raf-1 maturation.
What is the function of 14-3-3 binding to Raf-1? One possibility is that it helps to maintain a conformation required for substrate recognition or catalytic activity. The location of the 14-3-3 binding site, S621, about 20 residues from the end of the kinase domain, suggests that it could interact with and inhibit the active site. Phosphorylation of this site and 14-3-3 binding might function to remove this inhibitory segment from the active site in a manner analogous to the role of calmodulin binding to CAM kinase I (19) .
Another possibility is that 14-3-3 facilitates Raf-1 interactions with MEK (24, 41) . This is important because Raf-1 is extremely selective about its substrates (13) . Until the discovery that MEK-1 was the substrate for Raf-1 (9, 29) , it was difficult to measure Raf-1 kinase activity in vitro. If 14-3-3 binding to Raf-1 facilitates substrate binding, loss of 14-3-3 binding would result in an inability to detect Raf-1 kinase activity towards MEK. 14-3-3 could function as a scaffold to hold MEK and Raf-1 together (5). Alternatively, 14-3-3 binding to Raf-1 might promote a conformation of Raf-1 that allows MEK binding.
Interestingly, although S621 and the sequence surrounding this serine residue are highly conserved throughout evolution, at least two members of the Raf family have been reported to have amino acids other than serine at the position equivalent to 621 of Raf-1. The oncogenic component of the murine sarcoma virus 3611, known as v-Raf, is reported to encode proline at the position equivalent to S621 (36a), while the Xenopus laevis Raf-1 cDNA is reported to encode leucine at this position (32a). Based on our current knowledge, these amino acid substitutions would not be expected to support 14-3-3 binding, contradicting our model. To address these apparent discrepancies, we mutated S621 of CT-Raf to proline and found that this mutation results in an inactive CT-Raf molecule (58a). In addition, DNA sequencing of six separate Xenopus Raf-1 cDNA clones demonstrates that this form of Raf-1 cDNA encodes a serine at the codon equivalent to that for S621 of human Raf-1 (data not shown). As the reported codons for v-Raf and Xenopus Raf (CCT and TTG) differ from the codons encoding serine (TCX) by only a single nucleotide, we suspect that these discrepancies may be due to sequencing errors. These findings again underscore the significance of S621 in Raf-1 activity.
These ideas also have implications regarding Raf kinase regulation. Although the S621 site has long been considered a candidate positive regulatory site, the finding that the site is constitutively phosphorylated has lessened its appeal as a regulatory site (43) . Our results demonstrate that the site is constitutively phosphorylated because it is an autophosphorylation site. However, the stability of S621 phosphorylation requires 14-3-3 binding. Thus, 14-3-3 expression levels will regulate the stoichiometry of S621 phosphorylation and therefore the magnitude of potential Raf-1 activity. Furthermore, our data suggest that the primary mechanism of Raf-1 activation is relief from inhibition by the amino-terminal domains. Bound to 14-3-3, the kinase is preactivated and competent to phosphorylate substrates. Additional phosphorylations of Raf-1 as well as lipid binding may function mainly to relieve inhibition rather than to activate enzyme activity.
As bacterially expressed CT-Raf is inactive and not phosphorylated at S621, we have tested whether S621 phosphorylation of CT-Raf and 14-3-3 binding might be sufficient to generate an active form of CT-Raf. In several experiments, S621-phosphorylated CT-Raf in the presence or absence of 14-3-3 was completely inactive. Although trivial explanations like improper protein folding can explain our results, it is also possible that other factors or posttranslational modifications are required to generate an enzymatically active Raf-1 kinase.
As levels of 14-3-3 are likely to vary between different cells, FIG. 8 . Potential role for 14-3-3 in Raf-1 maturation. 14-3-3 may play a critical role in Raf-1 maturation. Raf-1 molecules may exist in dynamic equilibrium between phosphorylated and unphosphorylated forms. Raf-1 can autophosphorylate itself at S621, but in the absence of 14-3-3, this phosphorylation is rapidly lost in the cell, presumably via the action of a phosphatase. The binding of 14-3-3 to this site protects the phosphorylation from phosphatase activity and is proposed to stabilize a kinase-competent conformation in Raf. This 14-3-3-bound form of CT-Raf possesses constitutive activity, requiring no additional activation events. In the context of the full-length molecule, the binding of 14-3-3 to the pS621 site is proposed to result in a preactivated molecule whose kinase activity is repressed due to interactions with the amino-terminal domains. This form of the kinase would be competent to bind Ras and become activated, or derepressed, at the plasma membrane.
tissues, and conditions, 14-3-3 may play an important secondary role in Raf-1 kinase regulation. Recently, it was reported that different intensities of Raf-1 activation can account for the ability of Raf-1 to induce either cell cycle arrest or cell proliferation (53) . High-intensity Raf-1 activation leads to p21 cip1 expression and cell cycle arrest, whereas low-to medium-intensity Raf-1 activation leads to cell proliferation. One possibility is that changes in 14-3-3 expression regulate changes in the intensity of Raf-1 kinase activity.
Our data suggest novel ways of thinking about the function of 14-3-3 in the cell. For example, they suggest that levels of 14-3-3 expression are critical. Because 14-3-3 is a highly abundant protein in the brain (4), it has been assumed that 14-3-3 is equally abundant and nonlimiting in other cells. However, 14-3-3 levels can be modulated, and changes in levels can affect cellular responses. The fact that 14-3-3 overexpression can cause cell cycle arrest (22) and our finding that 14-3-3␤ overexpression can enhance Raf-1 activity both support the idea that 14-3-3 levels, at least in some cells, will be important. 14-3-3 expression levels are known to have tissue-specific patterns and are dynamically regulated throughout development (6, 37, 60, 61) . In addition, 14-3-3 expression can be induced by certain growth factors, and levels are elevated in some skin and lung cancers (2, 31, 47, 54, 59 ). It will be important to determine whether it is the total 14-3-3 expression level that is important or whether specific 14-3-3 isoforms mediate these specific effects.
It seems likely that 14-3-3 expression levels in the cell play an important role in regulating the strength and duration of signaling responses. High 14-3-3 levels would potentiate signaling responses by having a large capacity to bind to and affect the function of serine-phosphorylated substrates. On the other hand, signaling reactions that occur with lower levels of 14-3-3 would be quenched quickly because kinase activation would generate more 14-3-3 binding sites than 14-3-3 molecules could protect, resulting in rapid turnover of phosphoserine.
Our work demonstrates that serine phosphorylation can effect specific responses by inducing binding sites for 14-3-3 proteins on target proteins. 14-3-3 binding protects the phosphate from dephosphorylation, and in the case of Raf-1, this binding is required for Raf-1 kinase activity. In this light, it is interesting to note the many similarities between the phosphoserine-14-3-3 system and the calcium-calmodulin system. Both involve the binding of ubiquitous alpha-helical, symmetrical molecules that are broadly involved in signaling processes (38) . Both also have the capacity to bind a large number of potential targets during a signaling event and function to both inhibit and activate enzymes (18) . This similarity underscores the importance of protein-protein interactions in mediating the effects of second messengers induced by signal transduction.
